The first major histocompatibility complex (MHC) molecule in fish was identified in 1990 using a polymerase chain reaction strategy with degenerate primers 
Introduction
Fish occupy an interesting position with regard to obtaining new insight into the evolution of vertebrate immunity. Fish species may also serve as efficient model systems for understanding basic immuno-developmental and immunopathological mechanisms (autoimmunity, infections, neoplasms) for the benefit of medical science. Moreover, extensive knowledge of the fish major histocompatibility complex (MHC) may be used commercially in aquaculture, vaccine development, selective breeding and/or by using molecular typing to survey structure and dynamics in wild populations and to monitor and ensure the integrity of the MHC diversity in fish stocks subjected to intensive selective breeding.
Functional studies
Over the last two decades, a considerable number of functional studies embracing tests such as mixed lymphocyte reactivity (MLR), in vitro assays with alloantisera, allorecognition by graft rejection, in vitro and in vivo antibody responsiveness and biochemical analyses in many fish species have revealed typical features attributable to MHC, thus strongly indicating the existence of functional MHC molecules in teleostei.
Cell populations attributable to T cells, B cells and macrophages have been identified by structural and functional studies (3, 34, 51) . Furthermore, studies on in vitro responsiveness to thymus-dependent hapten-carrier complexes have demonstrated clear-cut cell-co-operation involving T cells, B cells and macrophages (2, 33) . Evidence for immune restriction has also been demonstrated by the fact that only strong MLRs were revealed when no detectable in vitro antibody response was produced (59) . Moreover, a recent in vivo antibody response study in gynogenetic carps has revealed response patterns with major gene effects (63) .
Allograft recognition and rejection, and the kinetics of this process, is a classical test system which was employed together with serology in both mice (during the mid-1930s) and humans (during the late 1950s) to define the MHC. In addition, a series of transplantation studies were carried out in several teleost fish species, such as the common carp (Cyprinus carpio) (29) , goldfish (Carrassius auratus) (36) , poecilids (Poecilia formosa) and platyfish (Xiphophorus couchianus) (21) , the results of which showed the effect of major and minor loci. The use of naturally occurring or artificially generated gynogenetic fish in recent years has also established well-founded evidence for the existence of one or two major histocompatibility loci (29, 31 , reviewed in 55).
To define a putative MHC in a new species using serological tools requires certain prerequisites. With a potentially vast number of polymorphic gene products of both MHC and non-MHC origin capable of eliciting alloantisera, this challenge is obvious. Thus, strategies employing inbred or gynogenedc lines and family material together with analysis of co-segregation of several MHC-associated features are preferable. This approach was used by Du Pasquier et al. to define an MHC in the clawed toad, Xenopus laevis (5, 6). Kaastrup et al. employed a similar strategy in fish to produce convincing data on co-segregation of serologically determined specificities with graft rejection kinetics in gynogenetic families of the common carp (20) .
As noted by Stet and Egberts, MLR has been observed in a considerable number of teleost fish species, some examples of which are Atlantic salmon (Salmo salar), rainbow trout (Oncorhynchus mykiss), channel catfish (Ictalurus punctatus) and common carp (55) , all of which are likely to reflect MHC class II involvement. A one-way matrix of MLR analysis in a single carp family resulting from a cross between two individuals' of different geographical origins showed stimulation indices consistent with one locus and three alleles (one shared between parents). However, there are a number of obstacles to the interpretation of MLR responses in the context of detailed immunogenetic dissection due to the variability in response and kinetics of both allogeneic and autologous responses, in particular concerning the repeatability of the test and the surprising results in salmonids (e.g., rainbow trout). Using a two-way MLR matrix in full sibs from two rainbow trout families, Kaastrup et al. demonstrated that each of the two progenies displayed more genotypes than predicted, the reason for which could be the pseudotetraploid status of salmonids (19) .
Prior to the successful molecular cloning of both genomic and expressed MHC in fish, an extensive series of experiments had been carried out using cross-reactive xenoantibodies, alloantisera and two-dimensional electrophoresis to isolate products with expected characteristics. Several of these studies indicated the presence of both classes of MHC, either directly or indirectly, in many teleost species (e.g., via
ß2-microglobulin, as demonstrated in goldfish and carp by Shalev et al. [52, 53] and in cod [Gadus morhua] by L0gdberg and Bj0rck [30] ), but with no firm evidence (25, 26) . In addition, 2-D gel electrophoresis revealed MHC class I-like signals (40-44 kiloDaltons kDa]), with the molecular weight range possibly corresponding to the different alleles of the K locus present in the cell lysate of the carp material (55).
Products of a size and isoelectric point typical for both MHC classes were also identified in both rainbow trout and Atlantic salmon by employing 2-D electrophoresis of peripheral blood lymphocyte lysates, labelled during préincubation with 35 S (P. Jones, personal communication).
Molecular cloning
The first successful isolation of MHC molecules in fish was achieved by Hashimoto et al. (13) , who took advantage of the polymerase chain reaction (PCR) method and used primers based on conserved motifs in human, mouse and chicken MHC sequences flanking the invariant cysteins of the MHC class II [32 and MHC class I a3 domains to identify the equivalent molecules in common carp. The use of PCR with primers based on conserved regions has subsequently resulted in the successful isolation of MHC molecules from other lower vertebrates such as amphibians, reptiles, various teleostei and cartilaginous fish.
Partial complementary DNA (cDNA) and genomic MHC fragments are now being identified in a rapidly growing number of different fish species. Full-length MHC class I a-chain cDNA molecules have so far been described in Atlantic salmon (9) , zebrafish (Brachydanio rerio) (58), the common carp (60), cichlid fishes (50) and rainbow trout (11) . The ß 2 -microglobulin molecules, required for a functional MHC class I protein, have been identified in zebrafish (39) , carp, tilapia (Oreochromis niloticus L.) (4) and rainbow trout (54) , thus strengthening the hypothesis that the identified fish MHC class I a molecules are translated into functional proteins. Full-length MHC class II (3 cDNA chain molecules have been identified in Atlantic salmon (16) , rainbow trout (7), carp (41, 61) , zebrafish (38) , an African Great Lake cichlid (Cyphotilapia frontosa) (40) and striped bass (Morone saxatilis) (62) . Full-length MHC class II a chain cDNA molecules have been identified in the nurse shark (14) and G. cirratum (23) , one of the lowest vertebrates studied to date, suggests that the MHC genes are very old, and the search to establish the stage in the evolutionary chain at which the MHC system emerged continues.
The expressed fish MHC molecules have many sequence similarities to those of higher vertebrates, which probably reflects both functional and structural requirements (reviewed in 27). The intradomain disulphide bridges, glycosylation sites and salt bridges found in higher vertebrate MHC molecules are also generally present in the fish cDNA sequences. Once the actual protein structure of fish MHC molecules has been resolved, individual important residues will be easier to identify.
Expression
Investigation of MHC class II (3-chain expression in carp revealed high expression in the thymus, intermediate expression in the peripheral blood, spleen, head kidney and gut and no detectable expression in muscle and erythrocytes (49) . A similar study in Atlantic salmon showed a high MHC class II |3 expression in the gills, head kidney and spleen and low or missing expression in the brain and muscle (E.O. Koppang, personal communication).
Polymorphism and genetic organisation
Several research workers have reported extensive fish MHC variability (10, 24, 28, 32, 38, 40, 41, 57) . However, since the number of loci and the sequence similarities are uncertain, defining alleles is difficult and polymorphism, i.e., defining the frequency of alleles in a population, has therefore not been established.
Restricted fragment length polymorphism (RFLP) studies have been performed using probes from the conserved class I A3 and class II (32 domain regions to identify the number of genes. In the common carp, a total of nine to twelve MHC class I and three to five MHC class II strongly hybridising fragments were identified (56) . In rainbow trout, hybridisation with a class II ß2 probe in family material resulted in two strongly hybridising fragments with an allelic segregation pattern suggesting one locus and two alleles (18) . In Atlantic salmon, preliminary pulse-field data indicate a minimum of five MHC class 1 loci clustered in a genomic region of approximately 1 megabase (Mb) (M. Lundin, personal communication).
The chromosomal location of the MHC class I and class II genes has been established only in zebrafish, where the two classes seem to be located on different chromosomes (1, 45) . In addition, a linkage analysis in Atlantic salmon, using satellite markers closely linked to the MHC-Sasa class I and class II a genes, showed no linkage between the MHC class I and class II genes, which indicates that the two classes are either located far apart on one chromosome or reside on different chromosomes in this species as well (A. Slettan, personal communication).
Major histocompatibility complex-related molecules
Other molecules which are functionally or physically linked to the MHC region(s) have also been identified in fish. A T-cell receptor a-like chain has been characterised in puffer fish (Spheroides nephelus) (47) and in rainbow trout (44 Other genes, such as Hsp-70, Lmp2, Lmp7, Tap1 and Tap2, all located within the MHC region of higher vertebrates, have also been identified in lower vertebrates. Proteasomes are the multi-subunit proteases thought to be involved in the generation of peptides presented by MHC class I molecules. When cells are stimulated with interferon (IFN)-y, two MHC-encoded subunits, Lmp2 and Lmp7, are incorporated into the proteasomal complex, presumably by displacing the housekeeping subunits, designated delta and X, respectively. The Lmp7 molecule has been described in hagfish (Eptatretus stouti), lamprey (Lampreta japonica) and nurse shark (22) . Cartilaginous fish appear to have two Lmp7 genes as well as the proteasome subunit X, while in lamprey and hagfish only subunit X has been identified (22) . Lamprey seem to contain only the proteasome subunit delta, thus suggesting that the Lmp2 molecule arose after divergence of cyclostomes (37).
The transport-associated proteins Tapl and Tap2 most probably form a heterodimer residing in the endoplasmatic reticulum membrane, and transport peptides from the cytoplasm into the endoplasmatic reticulum lumen for binding to MHC class I molecules. The Tap transporter demonstrates specificity for both peptide sequence and length and, in rats (Rattus spp.), allelic variation in the sequence of the transporter molecules results in differential ability to transport particular peptides (reviewed in 35). Atlantic salmon appear to have two functional and variable Tap2 genes in addition to a Tap1 gene (8) . Further studies on the extent and effect of polymorphism for both Lmp2/Lmp7 and Tap1/Tap2 molecules are necessary before a conclusion can be reached on the position of these molecules in fish.
Conclusions
Considering the sequence similarities, tissue distributions and variability, the MHC molecules in fish most probably have a similar function to those of higher vertebrates. The identification of expressed MHC molecules in shark, one of the lowest-vertebrates studied to date, suggests that the MHC genes are very old: however, the existence of these genes in non-vertebrates still remains to be seen.
The potential of applied aspects of MHC research is especially dependent upon certain major features of MHC for which little or no data currendy exists, such as the extent and/or nature of polymorphism and association of these with disease.
Thus, further studies on these crucial topics are needed to clarify the practical implications of knowledge on fish MHC. 
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